Purpose: To assess the clinical performance and survival of full-contour monolithic zirconia (MZ) crowns and enamel wear produced over a 1-year period. Materials and Methods: 60 patients requiring full-coverage restorations for endodontically treated posterior teeth opposed by healthy unrestored antagonistic teeth were selected. MZ crowns were fabricated. Vinyl polysiloxane impressions of the antagonist teeth were made, and the stone casts were digitized using a 3D laser scanner. Wear of the opposing natural teeth was evaluated at baseline (1 week), 6 months, and 1 year after crown cementation. Superimposition of the follow-up scans on the baseline scans were performed to evaluate wear. Survival and function of the restorations were evaluated by the modified USPHS rating criteria at the same timeframes. Results: Comparison of the baseline and the follow-up wear values was statistically tested using the paired t-test. Statistical significance was noted between the wear values at 6 months (15.5 µm) and at 12 months (16.3 µm) (p < 0.05). The Wilcoxon signed rank sum test was performed to evaluate each parameter of the modified USPHS criteria and to analyze the change in the follow-up scores of the restorations. The survival rate for the crowns was 100%. Results were classified as "excellent" over a 1-year follow up. Conclusions: MZ crowns showed promising results related to antagonist enamel wear and survival/clinical performance.
A variety of all-ceramic systems have been developed in the past few decades in an attempt to rehabilitate broken or missing teeth in an esthetic and functional manner. Unfortunately, none of the available dental ceramics fulfill all functional, biological, and esthetic requirements at the same time. There is no universal restorative material that can be used in all clinical situations.
Conventional zirconia exists in three phases. Pure zirconia is monoclinic at room temperature. With increasing temperature, the material transforms to tetragonal at approximately 1170°C and then to a cubic fluorite structure starting at about 2370°C, with melting by 2716°C. [1] [2] [3] The tetragonal phase of zirconia has often been layered with feldspathic porcelain when used clinically since zirconia is opaque; however, in such core veneering systems, fracture and chipping of the veneering porcelain have been reported to be 2% to 9% for single crowns and 3% to 36% for fixed restorations after 1 to 5 years. [4] [5] [6] In addition, the amount of occlusal load and thickness of porcelain also have an additive effect in restorative failures.
Full-contour monolithic zirconia (MZ) has been gaining popularity as an alternative to core-veneered materials. 4 Results from in vitro studies have shown that MZ crowns exhibit high fracture resistance even at a minimum thickness of 0.5 mm. [7] [8] [9] [10] In vitro studies by numerous authors have demonstrated superior mechanical properties of MZ as compared to other commercially available ceramics. [11] [12] [13] [14] [15] [16] In addition to the absence of chipping, the reduced occlusal space requirement seems to be a clear advantage of MZ crowns. 4 MZ crowns also have been reported to have the highest mean hardness among dental ceramics. 4, 17 In addition to environmental factors, the degree of wear of an antagonistic tooth has been shown to be affected by surface structure and roughness of the opposing restorations. [18] [19] [20] Conventionally, greater hardness has been reported to cause more wear of the antagonist teeth. 21 A poor correlation between the restoration hardness and the degree of wear of antagonistic teeth has been reported. 2 Several in vitro studies have evaluated the wear properties of MZ. [22] [23] [24] [25] [26] [27] [28] [29] [30] The complexity of the wear process in the oral environment makes it difficult to conduct tooth-wear studies. 31 The most often used method of measuring wear is the non-parametric test e411 devised for the United States Public Health Service (USPHS). 32 However, the best method for measuring wear is by comparing sequential 3D images of the materials of interest. 33 Three-dimensional images are captured using various scanning methods such as contact profilers, non-contact white light or laser scanners, or micro-or conebeam CT scans. These images are superimposed on the baseline images, and wear is calculated.
Survival of the restoration is also an integral part of its clinical success. Many methods have been used to study restoration survival. For evaluations in clinical trials, investigators have used the traditional four-point scales of the California Dental Association 34 or the USPHS criteria that lists categories for acceptable and unacceptable performances of the restorations.
Although MZ is a popular restorative material, there are only a few clinical studies on survival of MZ crowns and wear of the antagonistic natural teeth. 9, 12, [35] [36] [37] [38] Since laboratory studies do not accurately simulate clinical performance, the final test of a material will always be its performance in the mouth. The aim of this study was to assess the clinical performance and survival of posterior full-contour MZ crowns and the enamel wear they produced in the opposing occlusion over a 1-year follow-up period.
Materials and methods
After obtaining the necessary approval from the ethics committee of the institution, 60 patients (22 males, 38 females) were selected from the outpatient department of the prosthodontic postgraduate clinic who required full-coverage restorations for endodontically treated posterior teeth. The inclusion criteria included the presence of a healthy unrestored antagonist tooth in a stable occlusion. Patients who were bruxers or showed signs of severe attrition, pregnant or lactating female patients, patients with temporomandibular joint dysfunction, and patients with insufficient oral hygiene compliance were excluded from the study.
Thorough clinical and radiographic examinations were conducted, and full-coverage MZ restorations were planned for each patient. All the teeth selected were endodontically treated and asymptomatic. Teeth were prepared at least 1 month following endodontic treatment. All teeth received composite resin post endodontic core build-up restorations (ParaCore; Coltène/Whaledent Ltd., West Sussex, UK). Teeth requiring endodontic posts were omitted from the study. An informed consent was taken from each patient prior to the treatment procedures.
Clinical procedures
Uniform circumferential tooth reduction with a radial shoulder margin (depth 0.3-0.5 mm) was done using standardized diamond points (Mani Dia; MANI, Inc., Tochigi, Japan). All transitional edges, angles, and corners were rounded and smoothed with finishing diamond points (Mani Dia). All preparations were done by a single operator. Silicone putty indices were fabricated as guidelines for tooth preparation. Addition silicone impressions using the double mix, double impression technique were made. Upon removal of the impressions from the mouth, they were inspected for defects before they were washed and disinfected. After preparation and impression, all prepared teeth received provisional crowns.
The impressions were poured using vacuum-mixed die stone (KALABHAI Ultrarock Die Stone Class IV; Kalabhai Karson Pvt. Ltd., Mumbai, India) following the manufacturer's recommended protocol. The full-coverage zirconia restorations were fabricated using CAD/CAM (computer-aided design/computer-aided manufacturing) technology. Tooth preparations were scanned carefully, and the crowns were designed using CAD software (DWOS Dental Wings; Montreal, Canada). All crowns were milled from blocks of MZ (DGStar; DentGallop, Houston, TX). Depending on individual patient requirements, the zirconia blocks of the specific shade were milled according to the designed program in a specialized milling unit (Yenadent D-43; Yenadent Ltd. Sti., Istanbul, Turkey) as per the manufacturer's instructions. Sintering was conducted at 1500 to 1600°C for 10 hours. Finishing and polishing was done with a specialized zirconia kit (DFS-Diamon GmbH, Riedenburg, Germany). The crowns were glazed for 20 minutes. Prior to cementation, the fabricated full-coverage crowns were checked for marginal fit with a probe. Intraoral radiographs were taken to verify the same. All restorations were fabricated on a semi-adjustable articulator with contact in maximum intercuspal position, and no contact on eccentric movements. In case of any occlusal discrepancies, the restorations were adjusted using the specialized zirconia finishing kit. The crowns were cemented using glass ionomer cement (GC Radiopaque Self-Cure Glass Ionomer Luting & Lining Cement; GC Corp., Tokyo, Japan).
Assessment of wear of antagonist teeth and survival of the restorations
Wear of antagonist teeth and survival of the restorations were assessed in three phases: at baseline (1 week after crown cementation), 6 months, and 12 months after crown cementation. Impressions of the antagonistic teeth, cast fabrications, scanning and digitization of casts and clinical examinations were made in each of these phases. Impressions of the antagonistic teeth were made using addition silicone impression material (AFFINIS; Coltène/Whaledent Ltd.) by the double mix-double impression technique. To evaluate the wear of antagonist teeth, the occlusal contact points of the zirconia crowns on their antagonistic teeth were marked intraorally with articulating paper (Bausch Arti-check occlusion paper; 40 µm, Dr. Jean Bausch Gmbh & Co. KG., Köln, Germany) to determine the occlusal contact areas and as references for occlusal matching.
The impressions were poured, and the casts were labelled as the "Baseline cast" (baseline at 0 months). These baseline casts were scanned using a 3D laser scanner (REXCAN CS+; Solutionix, Seoul, Korea). The associated software (Geomagic Qualify; 3D Systems, Inc., Morrisville, NC) allowed graphical comparison between the scans of the master casts and the scans of the casts made at follow-up appointments. Thus, it was possible to assess (in µm) detailed, minute deviations using customized colors. Occlusal surfaces of the replicas were digitized and recorded as "Baseline data" at 0 months. Clinical examination included evaluation of the MZ crowns using modified USPHS criteria as described by Bindl and Mörmann, 39 and scores were recorded for each MZ crown. These were recorded as "Baseline scores" at 0 months.
Each restoration was rated for each criterion as follows:
A. Excellent B. Good C. Borderline quality/acceptance, repair necessary/ possible D. Complete failure, replacement necessary.
These assessments were performed again at 6 and 12 months after crown cementation. Wear was quantified at these two phases. Extent of wear was calculated by superimposing baseline data on those from the follow-up visits. To prevent surface changes because of wear or artefacts in the replicas (voids in the stone casts) from impairing the superimposition process, a threshold value of -30 µm was defined. The mean and maximum vertical loss were determined using marked contact points. These points were "contact point on the functional cusps" and "slopes of the functional cusps." The wear obtained by superimposing the images was recorded as "wear at 6 months" and "wear at 12 months." The wear values and the data obtained from the clinical examination were tabulated to note the differences between the readings obtained at three times (baseline, 6 months, 12 months).
Data were compiled in a Microsoft Office Excel Sheet (Microsoft Office, v.2010, Redmond, WA) and were subjected to statistical analysis using Statistical Package for Social Sciences (SPSS v.21.0; IBM Corp., Armonk, NY). The comparison of the baseline and the follow-up wear values was performed paired t-test. The Wilcoxon signed rank sum test was performed to evaluate each of the individual parameters of the modified USPHS criteria and to analyze the change in the follow-up scores of the restorations.
Results

Wear of natural antagonist teeth
The mean wear of natural teeth was 15.5 µm at 6 months and 16.3 µm at 12 months (Table 1, Fig 1) .
Survival and function of zirconia crowns
The survival parameters such as integrity of crown, anatomic form of crown, secondary caries at margin, surface texture of crown, proximal contacts of crown, occlusal contacts of crown in centric relation, and the protrusive and laterotrusive contacts of the crowns did not show statistically significant differences when 6-month data and 12-month data were compared to baseline data and when 12-month data was compared to 6-month data (p > 0.05; Table 2 ). Marginal adaptation at 6 months did not differ significantly compared to marginal adaptation at baseline (p>0.05). Marginal adaptation at 12 months differed significantly compared to marginal adaptation at baseline and at 6 months (p < 0.05).
The shade, color, and translucency of crowns at 6 months did not differ significantly compared to shade, color, and translucency of crowns at baseline (p > 0.05). The shade, color, and translucency of crowns at 12 months differed significantly compared to shade, color, and translucency of crowns at baseline (p < 0.05). The shade, color, and translucency of crowns at 12 months did not differ significantly compared to shade, color, and translucency of crowns at 6 months (p > 0.05).
Discussion
Considerable advances in the mechanical and esthetic properties of ceramic materials have resulted in a rise in the popularity of metal-free ceramics.
1 Zirconia, with its chemical and volumetric stability and transformation toughening mechanism, enabled manufacturing of posterior fixed partial dentures (FPDs) with diminished core thickness. 9, 10, 19 However, delamination of the veneering porcelain from the underlying ceramic core was the greatest drawback of layered zirconia restorations.
Previous in vitro studies have suggested that MZ, despite its hardness, can be safely used as antagonist to human enamel. 17, 23, 25, 30 One would expect that the hardest materials have the greatest potential to wear antagonist teeth; however, a material's wear potential does not only depend on the hardness, but also on other properties such as surface roughness. 4 In vitro studies by Amer et al 27 and Preis et al 28 concluded that MZ's surface roughness does not change after being subjected to three-body wear opposing human enamel and that polishing significantly reduced the surface roughness. Although such studies are fast, simple, and inexpensive they may not replicate the oral environment accurately.
There are insufficient literature reports on the wear produced by full-contour zirconia crowns in clinical conditions. Stober et al evaluated enamel wear caused by MZ crowns and concluded that they caused more wear on the opposing enamel than did natural teeth. 35 However, they noted that the amount of wear caused by zirconia after 6 months was less than that produced by other ceramics. Against this background, the present study was conducted to evaluate the wear of antagonist enamel caused by MZ crowns. The results confirm that over a period of 1 year, MZ led to significantly less wear of natural antagonist (i.e., 16.3 µm as compared to the reported wear of feldspathic dental porcelain, composite resin, and glass ceramics). 22 In a clinical study by Lohbauer and Reich, 37 antagonist wear against MZ crowns was reported to be in a comparable range to the wear produced by conventionally used ceramics. Wear of enamel against opposing enamel based on clinical measurements has been extensively documented. 31, 35 The results of the present study agree with the findings of Stober et al. 35 Mundhe et al reported higher mean wear (42.10 µm) of enamel opposing MZ crowns over a period of 1 year. 9 However, their results should be interpreted with caution, as the sample size was much lower than the present study.
It is important to consider how reported differences between zirconia-generated wear and "physiologic" enamel generated wear is clinically relevant. Assuming uniform wear over 20 years, the differences between enamel to zirconia wear and that of enamel to enamel would be insignificant. The enamel-zirconia wear may actually also be smaller, because studies have shown that, after incorporation of dental restorations, rates of wear decrease slightly after a so-called running-in wear period. 2, 18, 31 This was also true in the present study where the mean wear of the zirconia crown antagonists decreased significantly after 6 months of wear. It was 15.5 µm at 6 months and 16.3 µm at 12 months (Table 1, Fig 1) .
The wear of enamel opposing zirconia in the present study (16.3 µm) was significantly lower than that opposing metal ceramic crowns as reported by Mundhe et al. 9 They reported wear of 69.20 µm in the premolar region and 179.70 µm in the molar region after 1 year of follow-up. This could be because surface roughness of zirconia did not change significantly compared to the feldspathic porcelain after being subjected to three-body wear opposing human enamel. 27 The relatively lower values of wear seen in the present study compared to previous studies can also be attributed to the method of measuring enamel wear. DeLong stated that 3D scanning was the preferred method for measuring wear because it was quantitative, accurate, and provided storable 3D databases that could be compared to other 3D databases. 32 According to DeLong, when ceramic slides against ceramic or enamel, wear does not occur by plastic deformation as with metals but by microfracture. Other factors responsible for wear are biting force, frequency of chewing, abrasiveness of diet, surface roughness, physical properties of the material, and surface irregularities such as hard impurity particles, fine anatomic grooves, pits, or ridges. [18] [19] [20] Kim et al have reported that some other reasons for lesser wear of enamel against zirconia may be the superior physical properties and surface features of zirconia such as its hardness, bend strength, fracture toughness, and density compared to feldspathic porcelain, which enable it to maintain a smooth surface during wear tests and cause less wear. 25 Etman et al in their clinical study reported that wear was seen on the glazed layer of feldspathic ceramic crowns after 6 months of clinical use and that this could increase their surface roughness and alter their wear pattern. 22 From the results of the present study the wear behavior of MZ crowns seems to be favorable, and their use in clinical situations may be justified from that perspective.
The present study also aimed to assess the clinical performance and survival of full-contour MZ crowns for a period of 1 year. It was assessed using modified USPHS clinical rating criteria 39 of survival of restorations, and each parameter was analyzed ( Table 2 ). The parameters were expressed as a percentage of the total number of ratings per criteria. For all the parameters studied, the results varied from good to excellent.
Pihlaja et al evaluated a clinical outcome of 120 zirconia fixed dental prostheses (FDPs). 12 The materials used were coreveneered zirconia and MZ, and they reported that the success rate of zirconia-based partial FDPs after 4.9 years was 89%, and the survival rate was 100%. Bomicke et al evaluated clinical performance and esthetics of monolithic and partially veneered zirconia single crowns for a 3-year period and found that complications were predominantly biological in nature. The 3-year failure-free survival rate was 98.5% for both MZ and veneered zirconia. 38 These results are consistent with the results of the present study where the survival rate was 100%, and the results could be classified as "Excellent" over a 1-year follow up. The results of the present study showed that MZ crowns with respect to survival and clinical performance can be a promising full-coverage restorative option ( Table 2) .
The limitations of this study were the small sample size and the short observation time. The results should furtherefore be interpreted with the realization that only an individual crown per patient was incorporated. Wear behavior may differ if several crowns or long-span, FPDs are used. It would be interesting to analyze the wear behavior of MZ restorations with a different surface finishing procedure (only polishing without glazing), and against other dental materials. Larger clinical trials with a greater number of patients, using more restorative options, evaluated over a longer follow-up period are needed and can provide more insights on the clinical behavior of MZ fullcoverage restorations.
Conclusions
Within the limitations of this study, the following conclusions can be drawn:
1 MZ crowns produced less wear of the opposing enamel compared to the documented wear values of natural teeth when followed up to 1 year. 2 This 1-year wear value of enamel opposing MZ crowns was less than wear produced by popular ceramic materials such as feldspathic porcelain and lithium disilicate. 3 MZ crowns showed excellent overall clinical survival over 1 year when various clinical parameters were evaluated. Based on a short-term follow-up, MZ crowns are a promising option for full-coverage restorations on posterior teeth.
